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Abstract
Chaperone proteins are considered to be fairly ubiquitous proteins that promote the correct folding and assembly of multiple newly
synthesized proteins. While performing an embryonic screen in zebrafish using morpholino phosphorodiamidate oligonucleotides (MPOs),
we identified a role for an endoplasmic reticulum chaperone protein family member, zebrafish GP96. Knockdown of GP96 resulted in a
specific otolith formation defect during early ear development. Otolith precursor particles did not adhere to the kinocilia of the tether cells
in the GP96-MPO-injected embryos, aggregating instead into a single clump. Although otolith development was abnormal, the patterning
of the ear and the differentiation of tether cells and macular sensory and support cells was not affected. We have isolated and sequenced
the full open reading frame of zebrafish GP96 and characterized its expression pattern. GP96 is expressed both maternally and zygotically.
GP96 RNA is localized within the floorplate, hatching gland, and in the cells of the otic placode and otic vesicle, consistent with the function
of GP96 in ear development. We conclude that the GP96 chaperone protein is involved in the otolith formation during normal ear
development. This is the first report of a specific function during organism development being attributed to a chaperone class molecule.
© 2003 Elsevier Inc. All rights reserved.
Keywords: Ear; Otolith; Zebrafish; Chaperone; GP96; Morpholino phosphorodiamidate oligonucleotides
Introduction
Chaperone proteins are thought to promote the correct fold-
ing and assembly of newly synthesized proteins. They also
facilitate restoration of the folded state under environmental
conditions that favor protein denaturation such as heat shock.
They are among the most ubiquitous and highly conserved of
all proteins. The cellular heat shock protein GP96 (also known
as GRP94) is one of the most abundant proteins within the
endoplasmic reticulum (Wearsch and Nicchitta, 1996). GP96
belongs to the hsp90 class of chaperone proteins, which have
been implicated in the processing of signal transducing pro-
teins (Young et al., 2001). Previous studies have determined
multiple functions of GP96 in the immune system, including
stimulation of expression of proinflammatory cytokines, mat-
uration of antigen presenting cells, and binding to and carrying
different antigens (reviewed in Schild and Rammensee, 2000),
which is consistent with the extracellular role of this chaper-
one. GP96 is also involved in the processing of Toll-like
receptors and integrins, which is consistent with the normal
intracellular function of chaperones (Randow and Seed, 2001).
Despite these multiple functions assigned to GP96, it is gen-
erally believed that this and other chaperones promote folding
of many different proteins and are thus required for cell sur-
vival under normal as well as stress conditions. Nevertheless,
not a single chaperone protein has been implicated in a specific
role during the development of a vertebrate organism.
In this study, we used morpholino phosphorodiamidate
oligonucleotides (MPOs) to study the role of GP96 during
development using zebrafish as a model system. We dem-
onstrate that GP96 is expressed in a very specific and
defined pattern during embryogenesis including the cells of
the otic vesicle epithelium. Inhibition of GP96 protein func-
tion resulted in a specific otolith formation defect during the
early development of the otic vesicle. During normal ze-
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brafish development, sensory epithelia of the several cham-
bers of the inner ear (the utricle, saccule, and lagena) be-
come associated with otoliths, dense crystals composed of
protein and calcium carbonate attached to the ends of hair
cell ciliary bundles (reviewed in Haddon and Lewis, 1996;
Whitfield et al., 2002). Otolithic sensory epithelia, known as
maculae, require otoliths to sense linear acceleration, grav-
ity, and sound (Anniko, 1983; Lewis et al., 1985; Popper
and Fay, 1993). Otoliths originate from a common pool of
precursor particles that are initially distributed throughout
the ear (Lim, 1973; Salamat et al., 1980; Ciges et al., 1983;
Steyger et al., 1995). In wild-type zebrafish embryos, two
sets of tethers which are kinocilia of hair cells serve as
attractive centers to localize otolith seeding and subse-
quently anchor the otoliths in place (Riley et al., 1997). At
the same time, beating cilia agitate and distribute otolith
precursor particles which would otherwise settle to the low-
est point in the ear and fuse into large untethered aggregates,
thereby inhibiting otolith seeding (Riley et al., 1997). Oto-
lith seeding occurs during a restricted period in otic devel-
opment, terminating shortly after 24 h postfertilization (hpf)
as precursor particles and beating cilia disappear and the
rate of otolith growth declines (Riley et al., 1997).
We demonstrate in this study that otolith precursor particles
do not adhere properly to the kinocilia of the tether cells in
GP96-MPO-injected zebrafish embryos (GP96 morphants). In-
stead, they aggregate into bigger clumps within the otic vesicle,
resulting in the formation of a single enlarged otolith, in most
cases. This single otolith either remains untethered or becomes
anchored either to the anterior or posterior set of tethers, de-
pending on the gravitational orientation of the embryo. This
defect in otolith formation results in the loss of embryo ability
to sense gravity exemplified by abnormal swimming patterns
at 3–4 days postfertilization (dpf).
Materials and methods
Isolation of full-length zebrafish GP96
We utilized a partial EST sequence corresponding to the
5 end of GP96 (TIGR database TC60303). We used ge-
nome trace sequences from the Sanger center to perform a
BLAST search using the partial 5 sequence. This allowed
us to execute “genomic walking” to the 3 end of the ORF.
The complete ORF cDNA sequence was then isolated from
a gastrula-stage cDNA library (kindly provided by S.C.
Ekker) by PCR and sequenced.
Microinjection of MPOs
Two GP96-specific MPOs (MPO-1, CCGATAATCCA-
CAGCCGCCTCATTG; MPO-2, ACAGCCGCCTCATT-
GTTTTTGAAAG; Gene Tools, Inc.) were used to inhibit
the function of GP96 protein. Then, 1–5 nl of 1 mg/ml MPO
solution in Danieau buffer (Nasevicius and Ekker, 2000)
supplemented with 15 mM Tris–Cl (pH 7.5) was injected
into one-to two-cell-stage zebrafish embryos. Microinjec-
tions were performed as described (Hyatt and Ekker, 1999).
Embryos were raised in fish water at 29°C.
In situ hybridization
In situ hybridization was performed as described (Jowett,
1999). GP96 ORF cDNA was subcloned into the T3TS vector,
SpeI-site (Hyatt and Ekker, 1999). To synthesize DIG-labeled
probe, the GP96-T3TS construct was digested with BstEII and
transcribed with T3 RNA polymerase (Roche).
Other probes used include: pax2a (Pfeffer et al., 1998),
dlx3b (Ekker et al., 1992). To synthesize the otx1 probe (Li
et al., 1994), a 1.8-kb cDNA fragment was amplified by
PCR from a gastrula stage library and subcloned into the
4-TOPO vector (Invitrogen). The otxl-TOPO construct was
digested with NotI and transcribed with T3 RNA polymer-
ase. To synthesize msxC probe (Ekker et al., 1992), 875 bp
cDNA was amplified by PCR from a gastrula-stage library
and subcloned into the 4-TOPO vector (Invitrogen). The
msxC-TOPO construct was digested with SpeI and tran-
scribed with T7 RNA polymerase.
Northern blotting
Northern hybridization was performed as described
(Hopwood et al., 1989). RNA purified from 10 embryos was
loaded on a denaturing agarose gel for each stage analyzed.
GP96-T3TS/SpeI fragment was labeled with 32P and used as
a probe. Ethidium bromide staining of ribosomal RNA was
used as a loading control.
Morphological analysis of GP96-MPO phenotype
For visual analysis, embryos were anesthetized with Tric-
aine, mounted in 2% methylcellulose, and analyzed with a DIC
compound microscope and 40 objective (Zeiss).
To analyze the effects of gravity, dechorionated embryos
were immobilized in 0.5% low-melting-point agarose at
approximately 21-somite stage (19.5 hpf) either anterior or
posterior side of the ear oriented downwards. Embryos were
incubated at 29°C until they reached the 24 hpf stage. They
were removed from the agarose, mounted in 2% methylcel-
lulose, and analyzed under 40 DIC objective.
Rhodamine-phalloidin (Sigma) staining of hair cells was
performed as described (Haddon and Lewis, 1996). The
fluorescence was analyzed by using a confocal CARV-
equipped microscope (Atto Bioscience, Zeiss).
Embryos for histology were fixed in cold 1.5% glutaral-
dehyde/0.5% paraformaldehyde in BT-fix (Westerfield,
2000). Using a microwave technique (Giberson, 2001),
specimens were washed, postfixed in 1% osmium tetroxide/
1.5% potassium ferricyanide, dehydrated, and resin-infil-
trated. Blocks were oven-polymerized, sectioned at 1 m,
and stained with toluidine blue.
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Paint-fill analysis was performed as described (Bever
and Fekete, 2002).
Behavioral analysis of GP96 morphants
GP96 morphants were divided into two groups: embryos
with single anterior otoliths, and embryos with centrally or
posteriorly located otoliths. To ease interpretation of the
results, only embryos displaying strong phenotype, i.e., only
embryos with single otoliths, were analyzed. To obtain a
sufficient number of embryos with single anterior otoliths,
embryos were embedded in 0.5% low-melting-point aga-
rose with anterior side oriented downwards from 21-somite
until the 24-hpf stage. For the analysis of the swimming
Fig. 1. A putative amino acid sequence of zebrafish GP96 aligned to its mouse (GenBank Accession No. NM011631) and human (XM083864) homologs. Alignment
was performed by using GeneWorks 2.5 software. Identical or similar amino acids are shown against the gray background. The putative domain structure of GP96
is based on its homology with mouse GP96 (Randow and Seed, 2001). Zebrafish GP96 sequence has been submitted to the GenBank under Accession no. AF510108.
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orientation, individual larvae at 3 dpf were moved to the
middle of a dish, and when still, induced to swim by a brief
touch with forceps. During the next few seconds, their
swimming pattern was observed.
Results
Isolation and characterization of full-length zebrafish GP96
Available 5-EST sequences of the zebrafish homolog of
GP96 were used to start genomic walking toward the 3-end
by utilizing trace zebrafish genome sequences (see Materi-
als and methods). Subsequently, primers corresponding to
the 5- and 3-ends of the open reading frame (ORF) were
designed, and the full-length ORF was isolated by PCR
from a zebrafish gastrula-stage cDNA library. The isolated
zebrafish GP96 sequence is highly similar to the sequences
of other vertebrate GP96 chaperone proteins. The zebrafish
GP96 amino acid sequence is 83% identical to the mouse
and human protein sequences (Fig. 1), illustrating a very
high level of conservation of chaperone proteins during
evolution. Similar to its vertebrate orthologs, zebrafish
GP96 is predicted to encode signal sequence, ATPase,
charged and dimerization domains, and a C-terminal endo-
plasmic reticulum localization sequence (Fig. 1). Although
about 30% of the zebrafish genome has undergone duplica-
tion in the course of evolution (Postlethwait et al., 1999), we
did not find any evidence for a duplicated gene of GP96 in
multiple searches of zebrafish EST and genomic sequences.
We analyzed the temporal expression of zebrafish GP96
by Northern hybridization. A single 3-kb band was detected
at all stages of development through 26 hpf (Fig. 2A). There
was a very high expression of maternally encoded GP96
RNA as seen in the 2-cell and 512-cell stages (Fig. 2A).
Although GP96 RNA was barely detectable at the 50%
epiboly stage, expression increased toward the end of gas-
trulation.
RNA localization pattern was analyzed by in situ hybrid-
ization. At the 70% epiboly stage, GP96 RNA was observed
within a scattered group of cells in the anterior ectoderm.
(Fig. 2B). GP96 RNA was also localized to a dorsal strip of
cells along the anterior-posterior axis of an embryo (Fig.
2C). There was an apparent gap between the expression
sites in the anterior ectoderm and the midline. Based on the
expression pattern at later stages, we hypothesize that these
cells are the precursors of the hatching gland and the floor-
plate, respectively. By the tailbud stage, the anterior expres-
sion domain became tighter as if the initially dispersed cells
became clustered together (Fig. 2D). Strong expression was
also observed along the midline, primarily in the posterior
part of it (Fig. 2E). During somitogenesis, GP96 was
strongly expressed within the most anterior ectodermal
cells, and in the posterior part of the floorplate (Fig. 2F–I).
By the 13-somite stage, expression in the otic placodes
became apparent (Fig. 2G and H). At the 20-somite stage,
GP96 was expressed in the anterior ectoderm, floorplate,
tailbud mesenchyme, and in the medial wall of the otic
vesicle (Fig. 2I). At 24 hpf, GP96 was expressed in hatching
gland cells, in the ventral ear epithelium, as well as in the
anterior neuroectoderm and posterior mesenchyme and
endoderm (Fig. 2J K, and M). By 48 hpf, GP96 was local-
ized to the central nervous system, fin-buds, and lateral line
neuromasts (Fig. 2L). Overall, GP96 displayed a highly
specific and unique pattern of expression.
GP96 knockdown using morpholino-phosphorodiamidate
oligonucleotides (MPOs)
We used MPOs to analyze the function of GP96 by
inhibiting synthesis of this protein (Nasevicius and Ekker,
2000; reviewed in Sumanas and Larson, 2002). Injection of
two different MPOs designed against GP96 sequence re-
sulted in an identical and reproducible phenotype, demon-
strating their specificity. GP96-MPO-injected embryos
(GP96 morphants) displayed a very specific defect in otolith
formation during ear development. Otherwise, MPO-in-
jected embryos looked normal by gross morphological ex-
amination at 1, 2, and 5 dpf (Fig. 3A–D). Smaller doses of
MPOs, typically 1 ng per embryo, resulted in the reduction
of one otolith, anterior in most cases, and enlargement of the
other (Fig. 3, compare panels E, I, M with F, J, N). Doses
of MPOs at 2 ng and above resulted in the complete disap-
pearance of one of the otoliths, leaving only one enlarged
otolith (Fig. 3G, H, K, L, O, and P). The enlarged or the
single remaining otolith was often shaped irregularly as
Fig. 2. Expression of zebrafish GP96. (A) Developmental expression of zebrafish GP96 as analyzed by Northern hybridization. One band of approximately
3 kb was observed at all stages analyzed. Note the particularly strong maternal expression at the 2-cell and 512-cell stages. 28S and 18S rRNA bands are
indicated. (B–M) In situ hybridization analysis of GP96 expression. (B, C) 70% epiboly stage. (B) Anterior view, dorsal to the right. (C) Dorsal view, anterior
to the left. Note the scattered anteriorly located cells that express GP96 (arrow). Dorsal axial expression of GP96 is also apparent (arrowhead). (D, E) Tailbud
stage. (D) Anterior view, dorsal to the right. (E) Dorsal view, anterior to the left. Anterior (arrow) and axial (arrowhead) domains of GP96 expression are
apparent. (F, G) Seven-somite (F) and 13-somite (G) stages. Dorsal view of a flattened embryo, yolk removed; anterior is to the left. Note the strong
expression in anteriorly localized cells which are likely hatching gland precursors (arrow). Axial expression in the posterior part of the floorplate is also
apparent (arrowhead). At the 13-somite stage, staining is visible in the otic placode (op). (H, I) Twenty-somite stage. (H) Anterior part of a flattened deyolked
embryo, dorsal view, anterior is to the left. (I) Lateral view. Expression is apparent in anteriorly located likely precursors of the hatching gland (arrow, H).
Strong expression in the cells surrounding the otic vesicle (ov), in the floorplate (arrowhead), and the tailbud (tb) mesenchyme (I). (J, K, M) Twenty-four
hpf. (J) Whole embryo, lateral view; (K) Anterior part of an embryo; (M) Magnification of the otic vesicle, anterior is to the lower left. Expression is apparent
in the hatching gland cells (arrow, J), ventral part of the otic vesicle (ov), the posterior mesenchyme and endoderm and within the central nervous system.
(L) Forty-eight hpf. Staining is apparent in the central nervous system, fin buds (fb), and lateral line neuromasts (arrowheads).
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opposed to the round and smooth otoliths in control em-
bryos (Fig. 3E–L). The phenotype was highly penetrable; up
to 90% of MPO-injected embryos were affected (Table 1).
Both ears of the embryo were affected in a similar way.
GP96 MPOs affected only the otolith formation in the
injected embryos. General size and morphology of the ear,
and the formation of semicircular canals was unaffected
(Fig. 3E–P). Morphological analysis revealed no defects in
body axis or tissues other than ear. In addition, embryos
were analyzed by in situ hybridization for the expression of
four selected molecular markers at 24 hpf. Spondin-1b
probe was used to stain floorplate, hindbrain, and pancreas
(Higashijima et al., 1997; our unpublished data); pax2a
stained optic and otic vesicles, midbrain–hindbrain bound-
ary, and pronephros (Pfeffer et al., 1998); hand2 stained
cardiac mesoderm and branchial arches (Angelo et al.,
2000); and fliI stained vascular endothelial cells (Thompson
et al., 1998). Expression of all of these markers was normal
in GP96 morphants (data not shown). GP96 morphants were
viable until 2 weeks after fertilization, at which point the
experiments were terminated.
At higher doses of 5 ng and above, additional defects
were noted. Commonly, cell death within the head region
was observed (data not shown). In some cases, block-
shaped somites and an enlarged ventral fin were observed
(data not shown). Failure to inflate the swim bladder was
also commonly observed. Although cell death within neural
tissue was observed by using both MPOs, it is a common
defect caused by MPOs, most likely due to mistargeting
(Ekker and Larson, 2001; Sumanas and Larson, 2002).
Therefore, these additional phenotypes probably do not cor-
respond to any specific function of GP96.
Otolith particles do not adhere properly to kinocilia in
GP96 morphants
We examined in greater detail the nature of the otolith
defects in GP96 morphants. As in wild-type embryos, otic
vesicles began to expand in GP96 morphants at around 18.5
hpf. Shortly after that, similar size otolith precursor particles
were observed in wild-type embryos and GP96 morphants
(data not shown). By 21 hpf, most of the otolith precursor
particles in wild-type embryos had aggregated into two
otoliths tethered to the kinocilia of tether cells (Fig. 4A;
Riley et al., 1997). However, in GP96 morphants, otolith
precursor particles were still swirling free in the otic vesicle
at this stage, indicating that ciliary function was not im-
paired (Fig. 4B). The particles observed at 21 hpf were
much bigger in GP96 morphants compared with wild-type
embryos most likely because the original otolith precursor
particles had fused or coalesced together in GP96 mor-
phants. Indeed, these particles aggregated into even bigger
clumps of otolith material which freely floated in the otic
vesicle and did not adhere to any of the tether cells. Kino-
cilia of the tether cells were present in GP96 morphants
(Figs. 4 and 5). By 24 hpf, most of the otolith precursor
particles had aggregated into one big clump in GP96 mor-
phants (Fig. 4C–E). This clump either stayed untethered
(Fig. 4D), or became tethered either to the anterior (Fig. 4E)
or posterior (Figs. 4C and 5) pair of kinocilia. Occasionally,
additional small clumps of otolith material formed within
the otic vesicle (Fig. 5D).
As shown in Table 2, the clumps of otolith material most
often stayed untethered (29% of embryos) or became tethered
posteriorly (15.5% of embryos). In less severe cases, some of
the otolith material was tethered normally, and the remainder
aggregated into a clump that either stayed untethered or be-
came tethered posteriorly or anteriorly. Such phenotype was
manifested as two reduced normally tethered otoliths with an
additional untethered clump (7.5% of embryos), reduced an-
terior and enlarged posterior otoliths (18% of embryos), or
reduced posterior and enlarged anterior otoliths (5.5% of em-
bryos). Reduced otoliths were observed more frequently when
a smaller dose of MPOs was used (Table 1), which is consis-
tent with this phenotype being less severe.
Although there was some variation between the embryos
in the severity of the observed phenotype, both ears in a
given embryo displayed a very similar degree of the phe-
notype severity, as expected since MPOs distribute evenly
throughout cells of the embryo (Nasevicius and Ekker,
2000). However, tethering of the otolith material varied.
Some of the embryos had the otolith material tethered an-
teriorly in one ear, and posteriorly in the other, suggesting
that the tethering location is not dependent on the function
of GP96 protein.
Gravity influences tethering of the otolith material in
GP96 morphants
We tested whether the tethering location in GP96 mor-
phants was influenced by gravity and orientation of the em-
bryo. Zebrafish embryos were embedded in a low-melting-
point agarose at the 21-somite stage (19.5 hpf) with either the
anterior or posterior side of otic vesicles oriented downwards.
At this stage, there was no visible aggregation of otolith pre-
Table 1
Dependence of the otolith phenotype on the dose of MPO
Dose of
MPO injected
Normal
otoliths (%)
One otolith
reduced (%)
Only single
otolith present (%)
1 ng MPO-1 13.5  7.5 45.5  0.5 40  8
2 ng MPO-1 12.5  0.5 14.5  10.5 73.5  10.5
5 ng MPO-1 7  1 3  1 90  2
1 ng MPO-2 42.5  10.5 54  7 3  3
2 ng MPO-2 24.5  5.5 52.5  8.5 22.5  3.5
5 ng MPO-2 7  2 17.5  12.5 76  15
Note. Lower doses of 2 different GP96-MPOs resulted in the reduction of 1
of the otoliths on both sides of the embryo. Higher doses of both MPOs
resulted in the formation of only 1 otolith in each ear. One randomly selected
ear in each embryo was evaluated for the presence and the size of the otoliths.
Number shown are the averages of affected embryos in at least 2 independent
experiments. At least 50 embryos were analyzed for each dose of MPO.
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cursor particles which were, however, noticeably larger than in
wild-type embryos. At 24 hpf, the embryos were removed
from the agarose and analyzed by using DIC microscopy.
Otoliths in wild-type embryos formed normally, independent
of their orientation (Riley et al., 1997; data not shown). Results
for GP96 morphants are summarized in Table 3. Sixty two
Fig. 3. Morphological analysis of GP96 knockdown using morpholino phosphorodiamidate oligonucleotides (MPOs). (A–D) Representative embryos at 26
hpf. (A) Untreated control embryo. (B) 1 ng MPO-1-injected embryo. (C) 2 ng MPO-1-injected embryo. (D) 2 ng MPO-2-injected embryo. Note that the
general morphology of MPO-injected embryos is relatively normal. (E–P) Development of the otic vesicle in wild-type and morphant embryos. Anterior is
to the left, dorsal is up. Scale bar, 50 m. (E–H) one dpf (I–L) 2 dpf (M–P) 5 dpf. (E, I, M) Untreated control embryos. (F, J, N) 1 ng MPO-1-injected
embryos. (G, K, O) 2 ng MPO-1-injected embryos. (H, L, P) 2–5 ng MPO-2-injected embryos. Notice the reduction of the anterior otolith in (F, J, N) and
the formation of only a single otolith in (G, H, K, L, O, P). Also note the irregular shape of the extra piece of otolith material in (F) (arrowhead), posterior
otolith in (J), and otoliths in (G, H, K, L) as compared with smooth and round otoliths in (E, I). The slight reduction of the otic vesicle size in (F–H) compared
with (E) may be due to the individual variation in fertilization times and rates of development between embryos; on average, there is no significant change
in otic vesicle size in GP96 morphants when compared with the wild-type embryos at the same stage.
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percent of the embryos immobilized with anterior side down
displayed either a single clump of otolith material attached to
the anterior pair of kinocilia or enlarged anterior and reduced
posterior otoliths. In contrast, 79% of the embryos that were
immobilized with posterior side down showed either a single
clump of otolith material attached to the posterior pair of
kinocilia or enlarged posterior and reduced anterior otoliths.
These results argue that the knockdown of GP96 affects only
the initial adhesion of otolith precursor particles which subse-
quently aggregate into a clump that may become tethered as a
result of embryo orientation.
Other morphology and patterning in the ear is unaffected
in GP96 morphants
Morphology of the ear was analyzed by filling the fluid
space of the inner ear with alkyd paint (Bever and Fekete,
2002). As shown in Fig. 6A–D, all three semicircular ca-
nals, the utricle, and the saccule in GP96 morphants were
similar to the corresponding structures in wild-type embryos
at 5 dpf. Otolithic sensory epithelia, known as maculae,
sense gravity and linear acceleration by contacting otoliths
with stereociliary hair bundles of the macular hair cells
(Haddon and Lewis, 1996). We visualized the actin-rich
hair bundles in the otic vesicle using rhodamine-phalloidin
staining (Haddon and Lewis, 1996). As shown in Fig. 6E
and F, the utricular macula and hair bundles were present in
GP96 morphants even if the anterior (utricular) otolith was
absent. All three sensory cristae were also unaffected in
GP96 morphants.
Starting at 22 hpf, neuronal precursors (neuroblasts) del-
aminate from the ear epithelium and accumulate in the
statoacoustic ganglion (Haddon and Lewis, 1996). We in-
vestigated the development of the statoacoustic ganglion by
histological analysis of GP96 morphants at 1, 3, and 5 dpf.
No difference was observed between the ganglia of GP96
Fig. 4. Analysis of otic vesicle morphology in GP96 morphants. Orientation is marked by a, anterior, and p, posterior. A total of 2 ng of MPO-1 was used
to generate the GP96 morphants. (A) Control untreated embryo, 21 hpf. Both otoliths have formed and are attached to tether cells by kinocilia (arrow). (B)
GP96 morphant, 21 hpf. No otoliths have formed yet. Otolith precursor particles have fused or coalesced into larger particles which are clearly visible. They
aggregate into even bigger clumps at the middle of the otic vesicle. Kinocilia (arrow) of tether cells have only a tiny piece of otolith material attached. (C)
GP96 morphant, 24 hpf. A single otolith attached to the posterior pair of tethers formed in this embryo (arrowhead). The anterior pair of tethers are present
(arrow) but no otolith material is attached. (D) GP96 morphant, 22 hpf. Most of the otolith precursor particles have clumped into one irregularly, shaped piece
in the middle of the otic vesicle. The arrow and arrowhead point to the kinocilia of the tether cells where otoliths would be normally attached. (E) GP96
morphant, 24 hpf. This is the same embryo as in (D), 2 h later. The clump of otolith material has attached to the anterior pair of kinocilia (arrow).
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morphants and control uninjected embryos (data not
shown), indicating that delamination process was not af-
fected in GP96 morphants.
Early patterning of the otic vesicle in GP96 morphants
was analyzed by in situ hybridization using molecular mark-
ers. otx1 is a homeobox gene, strongly expressed in a
ventral, lateral, and posterior domain of the otic vesicle, and
is also expressed in the regions of the fore- and midbrain (Li
et al., 1994). Its expression was not affected in GP96 mor-
phants at 1 and 2 dpf (Fig. 7A–D; data not shown). Another
homeobox gene msxC is restricted to the developing cristae
at 2 dpf (Ekker et al., 1992). Its expression also was unaf-
fected in GP96 morphants (Fig. 7E–H). At 1 dpf, homeobox
gene dlx3b (Ekker et al., 1992) was restricted to portions of
the dorsal and posterior otic epithelia, and much of the
medial epithelium in wild-type embryos and GP96 mor-
phants (Fig. 7I–L). Expression of the transcription factor
pax2a which marks the ventromedial portion of the otic
vesicle and hair cells (Pfeffer et al., 1998; Riley et al., 1999)
was unaffected in GP96 morphants (Fig. 7M–P).
At 3 dpf, GP96-MPO-injected embryos displayed abnor-
mal swimming patterns. At this stage, wild-type embryos
swim in the usual upright position, with the dorsal side
oriented upwards. In contrast, GP96 morphants with single
posterior or centrally located otoliths were swimming side-
ways or upside down for the majority (more than half) of the
observation period (34 out of 35 embryos in 3 independent
experiments). Interestingly, morphants with single anterior
otoliths were swimming in a normal manner, dorsal side
oriented upwards (24 out of 25 embryos in 3 independent
experiments). Such behavior is consistent with the role of
the anterior otolith in sensing gravity and has been observed
before in zebrafish mutants with defective otolith formation
(Whitfield et al., 1996; Riley and Grunwald, 1996).
These findings indicate that GP96 protein has a very
specific function in the ear development. Knockdown of
GP96 protein affects only the otolith adhesion to the kino-
cilia of the tether cells but does not affect any other ear
growth or patterning processes.
Discussion
We have described here the first highly specific function
of a chaperone protein in vertebrate development. GP96 is
expressed in the otic epithelium during the formation of
otoliths from the precursor particles. Knockdown of GP96
protein using MPOs results in an otolith formation defect
Fig. 5. Histology analysis at 24 hpf of otic vesicles in normal embryos and GP96 morphants injected with 2 ng of MPO-1. (A, B) In uninjected control embryos,
otolith material binds to the kinocilia (arrows) of tether cells at the anterior (A) and posterior (B) poles of the otocyst. (C) In a GP96 morphant, anterior tethers are
present (arrow), but the anterior otolith is absent. (Inset) Higher magnification of anterior tethers. (D, E) A posterior otolith in the same morphant embryo is tethered
(arrow, D) to the posterior pole of the otocyst. Additional, untethered otolith material is also present in the lumen (arrowhead, D). In a nearby section through the
center of the posterior otolith (E), the morphant otolith is as large or larger than the posterior otolith in control embryos (compare with B).
451S. Sumanas et al. / Developmental Biology 261 (2003) 443–455
Fig. 6. Analysis of ear morphology at 5 dpf. (A–D) Lateral (A, C) and dorsal (B, D) views of the right inner ear are visualized in the intact, fixed embryo
by filling the fluid space of the ear with alkyd paint. All three semicircular canals, the utricle, and the saccule in GP96 morphants (C, D) are comparable to
ears of uninjected control embryos (A, B). (E, F) Rhodamine-phalloidin staining of the actin-rich stereociliary bundles present on the apical surface of each
hair cell. All three sensory cristae and anterior (utricular) macula are unaffected even if anterior otolith has not formed in this GP96 morphant (F), compared
with uninjected control embryo (E). Abbreviations: A, Anterior; ac, anterior canal; acr, anterior crista; D, dorsal; hc, horizontal canal; lcr, lateral crista; M,
medial; pc, posterior canal; pcr, posterior crista; s, saccule; u, utricle.
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during zebrafish ear development. The abnormal otolith
phenotype is dose-dependent. Smaller doses of GP96-
MPOs result in the reduction of one otolith and enlargement
of the other. Larger doses result in the formation of only one
otolith per otic vesicle. Detailed analysis revealed that this
defect occurs because otolith precursor particles in GP96
morphants do not aggregate to the kinocilia of the tether
cells as they do in wild-type embryos. Instead, they aggre-
gate into larger clumps within the otic vesicle which be-
come tethered either to an anterior or a posterior pair of
kinocilia or stay untethered, depending on gravity and em-
bryo orientation. Thus, smaller doses of GP96-MPOs result
in formation of reduced, but normally tethered otoliths, and
one additional irregularly shaped clump that often subse-
quently adheres to one of the reduced otoliths. As a result,
embryos seem to have one otolith reduced, another en-
larged. This hypothesis is supported by the fact that the
enlarged otolith often consists of two parts: one smooth and
circular, and one irregularly shaped. In other cases, the
additional clump does not become tethered, so these em-
bryos have two normal looking, but reduced, otoliths and
one additional untethered clump of otolith material. Higher
doses of GP96-MPOs result in the complete lack of initial
adherence of otolith material to the kinocilia of the tether
Fig. 7. Analysis of ear patterning in wild-type embryos and GP96 morphants using in situ hybridization. Anterior is to the left. Note that none of the markers
are affected significantly in GP96 morphants. (A, E, I, M, O) Control uninjected embryos, lateral view. (B, F, J, N, P) 2 ng MPO-1-injected embryos, lateral
view. (C, G, K) Control uninjected embryos, dorsal view. (D, H, L) 2 ng MPO-1-injected embryos, dorsal view. Left ear is shown in lateral view, and right
ear is shown in dorsal view. (A–D) otx1 is a homeobox gene, strongly expressed in a ventrolateral posterior domain of the otic vesicle at 30 hpf (Li et al.,
1994). Some difference in staining is due to slightly different orientation of the mounted embryos. (E–H) A homeobox gene msxC (Ekker et al., 1992) is
restricted to the developing cristae at 55 hpf. (I–L) At 30 hpf, homeobox gene dlx3b (Ekker et al., 1992) is expressed in portions of the dorsal, posterior, and
medial otic vesicle epithelium. (M–P) The transcription factor pax2a (Pfeffer et al., 1998; Riley et al., 1999) is expressed in the medial portion of the otic
vesicle and in hair cells. (M, N) Embryos at 30 hpf. (O, P) Embryos at 50 hpf.
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cells. All the otolith material eventually aggregates together,
usually into one irregularly shaped clump. This clump often
subsequently becomes tethered to one pair of kinocilia.
Hence, these embryos contain only one otolith in each ear.
As described in the results, two different GP96-specific
MPOs result in an identical and highly reproducible otolith
formation defect. In contrast, this phenotype has never been
observed or reported following injections of several hun-
dred different MPOs (Sumanas and Larson, 2002; data not
shown). This phenotype is also consistent with the expres-
sion of GP96 in the otic epithelium prior to otolith forma-
tion. The comparatively low doses of MPOs used are also
consistent with the specific inhibition of GP96 function.
Overall, these data argue that MPOs can inhibit the function
of GP96 in a highly specific manner, resulting in a repro-
ducible and specific phenotype.
Commonly, the larger or single otolith of GP96 mor-
phants is tethered posteriorly. This appears to be due to the
natural orientation of the embryos during the incubation.
Immobilizing embryos with the anterior or posterior side of
the ear down changes the tethering location in GP96 em-
bryos. Otoliths in wild-type embryos form normally inde-
pendent of the orientation. Apparently, otolith precursor
particles adhere to kinocilia of tether cells much earlier in
wild-type embryos than in GP96 morphants. At that stage,
otolith precursor particles are very small and can be easily
dispersed by the beating cilia within the otic vesicle of the
wild-type embryos independent of the embryo orientation
(Riley et al., 1997). Our observations illustrate and confirm
the two phases of otolith formation, initially described by
Riley et al. (1997). In the first phase, otolith “seeding” starts
as the first otolith precursor particles adhere to the kinocilia
of the tether cells. This is the phase of the fast exponential
otolith growth followed by a later, slower growth phase. In
GP96 morphants, otolith precursor particles do not adhere
to the kinocilia of tether cells during this early phase of the
otolith seeding. In many cases, after the otolith precursor
particles have clumped together, they eventually adhere to
the tethers. This could be due to expression of different
adhesion molecules such as integrins during different
phases of otolith growth.
A number of ear development mutations were isolated dur-
ing screens in zebrafish. A subset of these mutants displays a
phenotype very similar to the GP96 knockdown phenotype.
These include einstein (eis) and menhir (men) mutants, which
form only one otolith with no other apparent defects (Whitfield
et al., 1996). Another mutation, monolith (mnl) has been char-
acterized in great detail (Riley and Grunwald, 1996; Riley et
al., 1997). Similar to GP96 morphants, mnl homozygous em-
bryos have a defect in the initial adhesion of otolith precursor
particles to the kinocilia of tether cells. Similarly, only one
otolith per ear forms in mnl embryos, tethering of which
depends on the gravity (Riley et al., 1997). However, the GP96
gene does not appear to be linked to mnl mutation (S.J. Kwak
and B. Riley, personal communication). It is possible that
GP96 is linked to eis or men mutations.
The Hsp90 class of chaperone proteins, which includes
ER-localized GP96, has been known to have more specialized
functions than other classes of chaperones. Most of its known
substrates are signal transduction proteins, the classical exam-
ples being steroid hormone receptors and signaling kinases
(Picard et al., 1990; Xu and Lindquist, 1993; Young et al.,
2001). Cells that are deficient in murine GP96 protein have
impaired secretion of integrins and Toll-like receptors (Ran-
dow and Seed, 2001). A number of integrin proteins such as 3
and 6 are expressed in the mouse inner ear region (Davies and
Holley, 2002). For example, an integrin 81 regulates hair-
cell differentiation and stereocilia maturation during mouse ear
Table 2
Distribution of the otolith phenotype in the embryos injected
with 2–2.5 ng of MPO-1
Normal otoliths 14  0%
Reduced anterior, enlarged posterior otolith; both tethered 18  1%
Reduced posterior, enlarged anterior otolith; both tethered 5.5  3.5%
Reduced anteriorly tethered otolith, and one untethered
otolith
3  0%
Reduced posteriorly tethered otolith, and one untethered
otolith
1  1%
Only one otolith, anteriorly tethered 7  7%
Only one otolith, posteriorly tethered 15.5  3.5%
Only one otolith, untethered 29  5%
Reduced anteriorly and posteriorly tethered otoliths, and
one additional untethered otolith
7.5  0.5%
Note. Each ear was analyzed independently under 40 DIC objective in
living embryos at 24–26 hpf. Total of 60 embryos (120 ears) were analyzed
in 2 independent experiments.
Table 3
Dependence of tethering of the otolith material on the gravity force
Reduction or absence of posteriorly
tethered otolith while anteriorly
tethered otolith is present (%)
Reduction or absence of anteriorly
tethered otolith while posteriorly
tethered otolith is present (%)
Normally incubated embryos 5  0 44  6
Immobilized with anterior part of the ear down 62  2 6  6
Immobilized with posterior part of the ear down 10  7 79  4
Note. Embryos were injected with 2.5 ng of MPO-1 and immobilized at the 21-somite stage in 0.5% low-melting-point agarose with either the anterior or the posterior
part of the ear oriented downwards. Subsequently, embryos were incubated until 24 hpf stage, removed from agarose, and analyzed under 40DIC objective. Each ear was
analyzed separately. Data are the average of 2 independent experiments, with the total of at least 20 embryos (40 ears) per treatment analyzed.
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development (Littlewood Evans and Muller, 2000). Further-
more, integrin 81 can bind osteopontin protein (Denda et al.,
1998). Osteopontin is a component of rodent otoconia (Sak-
agami, 2000; Takemura et al., 1994), which are similar to
otoliths in fish. It is possible that GP96 participates in process-
ing one of the integrins that may be necessary to initiate the
seeding of otolith precursor particles on the tether cells via an
integrin–osteopontin interaction.
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